NACA RM E52503"

8E19

RESEARCH MEMORANDUM

PRELIMINARY SURVEY OF BOUNDARY-LAYER DEVELOPMENT
AT A NOMINAL MACH NUMBER OF 5.5
By Harold L. Bloom

Lewis Flight Propulsion Laboratory
Cleveland, Ohio

-

TR
- - ¥

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON

cThERTO ’
AR

WN ‘d4v¥ AUVHEIT HOEL

314 99/ < June 18, 1952 Dgam“[“" i

RM E52D03

|

i *-':E.D‘u



2ree

TECH LIBRARY KAFB, NM

R

014342
NACA RM ES52D03

NATTONAL: ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

PRELTMINARY SURVEY OF BOUNDARY-LAYER DEVELOPMENT
AT A NOMINAT: MACH NUMBER OF 5.5

By Harold L. Bloom

suMMARY

Mean skin-friction coefficients on a flat-plate model, with and
without initial roughness, and on e wind tunnel wall were measured at
a nomlnal Mach number of 5.5 over a Reynolds number range from 1x106
to 1x107, and the results were compered with analytical vealues.
Although evidence of air condensation was obtained in the test section,
experimental mean skin~-friction coefficients on the tunnel wall and on
the flat plate with artificiel transitlon sgreed quite well with the
analytical results of H. U. Eckert and of E. R. Van Driest. Experi-
mental skin-friction coefflcients on the plate with natursal transition
fell between theoretical laminar vealues and the snalybtical turbulent
values of Eckert and of Van Drlest. Because of the presence of alr con-
densation, the results reported hereln must be regarded as tentgtive.

INTRODUCTLION

In references 1 to 3, analytical methods are developed for predict-
ing turbulent skin-friction coefficients at Mach numbers for which
property values cannot be assumed constant through the boundary layer.
At high Mach numbers, a large varistlion exists between the values of
skin-friction coefficients given by the various methods. A need for
expanding the range of experimental data on skin friction to higher
Mach numbers is therefore apparent.

The purpose of this report is to present preliminary boundary-layer
and skin-frictlon data accumulated at the NACA Tewis leborstory in a
6- by 6-inch wind tunnel with a nominsl test section Mach number of 5.5.
The present investigation involves three phases: surveys of the tur-
bulent boundary layer on the bottom wall of ©the tunnel itself, surveys
of the boundary layer on a smooth flat-plate model mounted in the test
section of the tunnel, and surveys of the boundsry layer on a flat-
plate model with roughness added near the leading edge to induce tran-
sition of the boundary layer. Since evidence of alr condensation in
the test sectlon was found, the data contained herein must be regarded
as tentative until comparison with similar dats for condensstion-free
flow becomes possible.



2 NACA RM E52D03

APPARATUS AND PROCEDURE
Model

The investigation was carried out in the 6- by 6-inch, hypersonlc
continuous-flow tunnel shown schematically in figure 1. A photograph
of the tumnel, given in figure 2, shows the nozzle, test section, super-
sonic diffuser, and model in position for testing. Inlet pressures for
all tests were held to 28042 inches of mercury ebsolute, and inlet tem-
peratures of 112°110° F were maintained. The alr supplied at these
conditions was dried to a dew point of -45°+10° F.

Figure 3 provides a view of the plate model with a strip of rough-
ness cemented to the leading section. The test model was machined from
solid brase stock to the following dimensions: length, 16 inches;
width (not including faired support section at rear), 4 inches; thick-
nessg, 0.25 inch; leading-edge angle, 150; leading-edge thickness, about
0.006 inch.

A fully developed turbulent boundary layer with naturael transitlon
on the plate model would have requlred a length of plaste so long as to
assure contamination of the plate boundary layer by the tunnel side wall
boundary layer and by the model tip effects. To hasten transition, and
to avoid such contemination, & boundary-layer trip, consisting of a
strip of carborundum grit, was cemented to the leading section of the
model as shown in figure 3. Profille data taken with various grades
and lengths of roughnesg indicated that the boundary layer downstream of
the trip was fully turbulent when the strip wes composed of number 60
grit with a length of 1 inch in the direction of the flow. The mean _
thickness of the trip was spproxlmately 0.012 inch, and the closest
survey point was Zg inches downstream of the trailing edge of the trip
where there were no detectable disturbances from the roughness.

Figures 2 and 3 show the model mounted 1 inch below the center line
of the tunnel. This locatlon was chosen to avold the possibllity of
disturbance of the plate boundary layer by the reflected leading-edge
shock. To avold secondary flows due to the tunnel wall boundery layer,
the plate was constructed so that the slde edges were 1 inch from the
tunnel wells. For such models, however, the possibllity exists that
secondary flow around the edges from the bottom surface to the top may
occur. The possible effect of secondary flow will be discussed in con-
nection witlh the presentation of data.

Pressure Measurements

The probes used in this investigation are shown 1n figure 4.
Probes A and B are total-pressure probes, and, except for length, have
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almost identical tip dimensions (~0.006 by 0.040 in. 0. D.). Readings
by probes A ahd B at the same position in the ‘tunnel differed by less
than 0.5 percent. Probe C, the static-pressure probe, conelsts of a

78 caliber ogival forebody with a cylindrical afterbody, and its four
statlc orifices located 4 diameters downstream of the beginning of the
cylindrical portion of the probe are spaced at 90° intervals around the
circumference.

During surveys the probes were connected to & differential manometer
utilizing butyl phthalate as the working fluid. The reading accursacy of
this masnometer system is considered to be x0.05 inch of butyl phthalate,
and a hand-operated micrometer probe actuator can position the probe
with an accuracy of 20.0005 inch.

Total-pressure profiles were obtained by surveying the boundary
layer with either pitot probe A or B (fig. 4) at various axisl positions
on the bottom wall of the tumnel and on the flasbt-plate model. The
process was repegted wlth statlic probe C to obtain statlc~pressure pro-
files at corresponding positions.

Tunnel Calibration

Mach number calibration profiles taken st both ends of the test
section on the center line of a side wall are shown in figure 5, and
static-pressure readings taken along the center line of the top and the
bottom walls of the tunnel, in figure 6. The data show very little
scatter; in the region outslide the boundary layer, where the model was
located, the flow is uniform gt each axiel position. There is, however,
an axial Mach number variation (5.06<M<5.57) which will be discussed
later.

At the operating conditions of this investigation the possibility
of condensation exists. Criterias from reference 4 indicate border-line
conditions with-regerd to condensatlon in the test sectlon, and a light-
diffusion test, as proposed in reference 5, was performed for further
confirmation. A foggy beam of light appearing between the walls at
the flow condition indicated that some condensation occurred. A quan-
titative estimate, however, is not possible.

The effect of condensation on the boundary layer may be similar to
that of heat transfer, since the chief variable, if stabtic pressure is
constant, is the stagnation temperature gradient due to the probsble
decrease in amount of condensation as the tempersture varies from the
free-stream value to the surface value. Since the assumption that stagna-
tion temperature 1s constant through the boundary layer yields a good
gpproximation for friction drag even when heat transfer exists to =
moderate extent, it 1s possible that limited amounts of condensation
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may have a negligible effect on measured skin friction. Bince the pre-
cise effect 1s as yet unknown, the data presented herein should be
regarded as tentative. For the purpose of comparison of experimentsl
and snslytical results, the effect of condensation on computed skin
friction and velocity proflles was assumed. small.

PRESENTATION OF DATA
Veloclty Profiles

In figure 7(a) is shown the Mach number distribution in the bound-
ary layer of the tunnel wall as calculated from the total- and static-
pressure surveys at each axial position. The plotted deta indicate
that the Mach number proflles asre essentlally similar for all axial
posltions with the maximum verlaetion near the surface. A profile

derived from the %th power law, assuming constant totsal temperature and

free-stream Mach number equal to 5, is shown in figure 7(a) for pur-
poses of compsrison. Except near the outer edge of the bhoundary layer,
the agreement between the experimental profile and the power-law profile
ls good.

Figure 7(b) shows the Mach number profiles in the boundary layer of
the plate model wlth roughness added and also the theoreticsasl profile
described previously. Here again the similarity of all profiles indi-
cates that fully turbulent flow 1s establlished. There ile, however, a
difference in profile shape between the wall data and the plate data,
which may be due to the difference in axlal Mach number gradient, to
the persistence of a leading-edge effect, or to & nonequilibrium of the
flow associated with the added roughness.

The Mach number distributions plotted in figure 7(c) gshow the pro-
files 1n the boundary layer on the plate model with smooth surface.
These profiles are similar in shepe to an analytical laminar profile,
but show only little agreement with it. The disagreement mey be due to
distortlon of an inltlelly lamlnar layer by the secondary flow mentioned
previously. Since 1t is known from shock boundary-layer work that a
laminar boundary layer is more sensltive 4o pressure disturbances than
a turbulent boundary layer, it may be expected that the results for the
plate with natural transition have been affected to a lerger degree by
secondary flow than the results for the plate with forced transition.
The last survey point (x = 9.84 in.) is located very close to the
point where disturbances from the model leading-edge tips could, by

potentlal flow theory, contaminate the plate boundery layer. The results

of this report do not include date from this last survey position.

~
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Momentum and Displacement Thicknesses

The momentum and displacement thicknesses are defined by

5

6 = A %(1-1‘;—1)@ (1a)
8

8% = A ( -pi—‘él) dy (1)

These parameters may be expressed in terms of the local values of
Mach number M and total temperature T, namely,

&

Y-1 2 2
o - wNEPEH AR [y iy (22)
o M T-1 ,, 2 AT My
1+ My
5 T
&% = 1-M4 1+TM2 1 dy (2p)
0 M r-1, 2 NT
LTz NT

For T = T, = constant, these equations become

(3a)

o%* (3b)

To determine the effect of assuming a counstant total temperature in
the boundary layer, theoretical values of 6 and &% were computed
from equations (2) for g laminer boundary layer at & Mach number of 5.5
using velues of T and M based on reference 6. These values were
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compared with values of 6 sand &% computed from equations (3) using
the same Mach number distribution. The latter calculatlon agreed with
the former to within 1.5 percent. Thls result indicates that it is
sufficient to find the Mach number distributlon normal to the wall in
the boundary layer end to compute 6 and &% from equations (3s) and
(3b) if the total-tempersture varistions are of the order of those
expected for laminar flow over an insulated.flat plate. This procedure
1s used in the present report for all the boundary layers, since the
total temperature in a turbulent boundary layer is expected to be more
nearly constant then theat in a laminsr one.

Figures 8(a), 8(b), and 8(c) show the boundary-layer parameters,
displacement thickness, momentum thickness, and form parameter, for the

three test surfaces as calculsted directly from the Mach number profiles.

Included in figures 8(a) and B(b) are theoretical values of the form
parameter H as derived from reference 1. In each case there is falr
agreement between measured values and theoretical points. Figure 8(c)
Includes theoretical values of H derived from the laminar theory of
reference 6. The experimental values fall below the theoretical laminar
values on the plate with naturel transition, and yet sre larger than
turbulent values (fig. 8(b)). Also shown in figures 8(a) to 8(c) are
the locel. Mach number distributions along each surface. In each case,
changes in axial Mach number heve a greater effect on the displacement
thickness than on the momentum thickness. Consequently, the form persm-
eter varies with the Mach number.

Method of Calculation

The local skin-friction coefficient Cp may be expressed in terms
of &% and 6 as

Ce T de <? - Miz) N %; dM-]

— I —— I —

1
0 (4)
7" & , =
P1u1 'Y (} + Iii-miz) _J

vwhere T i8 the local shear stress snd x 1is the axial distance from
a reference leading edge.

The mean, or average, skin-frictlon coefficlent Cp is related to
the local shear stress T by

X

T D) dx (5)

2312 .
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where the subscript R denotes constant values tsken st s reference
station. Hence, from equation (4},

X
2 B
P11 4 (24 %) + 5

0 ppug” & Ml(l+—Ml) (®)

M| o

CF=

The initial term in equation (4) represents the locel skin-friction
coefficient vwhen the axial Mach number gradlent is zero, while the second
term of the equation is the conbtribution of the axial Mach number gra-
dient to the friction coefflicient. With -pg and uRz evaluated at

the test section entrance, equation (6) was Iintegrated numerically to
obtaln values of CF The integration provided values of Cg which

included the contribution of the axisl Mach number gradient. For zero
gradient the mean skin-friction coefficient becomes simply Ze/x.

When an gttempt is made to compare experimentel snd analytical veri-
ations of local or mean skin-friction coefficient with Reynolds number,
consideration must be given to the fact that conditions in the experiment
may not correspond to conditions assumed in the snalysis. One method
frequently used to compensste for some of these differences (nonzero
leading-edge thickness, added roughness, laminar run) is to define an
"effective leading edge," which is essentially the length of flat-plate
run required to develop the momentum or displacement thickness measured
at the first experimental station. This method was used to obtain an
effective Reynolds number for both local and mean skin-friction coef-
ficlent calculations. Since the procedure is somewhat arbitrary, how-
ever, valuee of skin-fricitlon coefficient obbained without leading-
edge correctlion are also presented. Specifically, the procedure used
to define the effective leading edge was as follows: The varistion
of 6 with distance (figs. 8(a) to 8(c)) was extrapolated to 6 =0
a8 a straight line having the slope of the fore part of the experimental
curve. The point where the slope line crossed the 6 = 0 line was
called the leading edge based on 6. The same procedure was carried out
with the curve of 5% against distance to reference to cobtain a leading
edge based on ¥, The effective leading edge was then assumed to be
the average of these two values. This procedure yielded an effective
leading edge for the tumnel wall 16.6 inches upstream of the filrst survey
point. Other methods are avallgble for correcting the leading edge;
reference 3, for example, presents a method which yields an effective
leading-edge value 20 percent smsller than that gliven. However, the
simplicity of the method described and the fact that it presents a
limiting maximum correction were deciding factors in its adoption for
the data of this investigation. The effective leading edge was located
0.91 inch upstream of the actusl leading edge for the plate with arti-
ficial transition. For the results obtained with natural transition
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the linear correction would have placed the effective leading edge sbout
5.5 lnches upstream of the actual edge. Since this correctlon seems

unregsonably large, and since the profiles obtalned with natural tran-
sition were not of the usual laminar or turbulent type, only the uncor-
rected results for the case of natural transition will be presented.

DISCUSSION OF RESULTS

Locel skin-friction coefflclents. - In figure 9 are plotted experi-
mentel and theoretical values of local skin-friction coefficient against
local Reynolds number. For s8ll three test surfaces there are two values
of cp for each survey point. Ome is simply 2 d9/dx, the equivalent
of a flat-plate flow calculatlion; vwhereas the other was found from equa-
tion (4) and inciudes the Mach number gradient term. The value of
de/dx in each case was obtained grgphically from faired curves of
€ againgt x (fig. 8) Since in some cases more than one curve msay
be feired through the given data polnts, the falring used for calcula-
tlons is not presented in the figures. The difference in results from
reasonable fairings, however, is small. For the two cases of the plate
model. the experimental points include calculations based on both effec-
tive and actual leading edges. .

The theoretical curves of flgure 9 are based on calculations from
references 1, 2, 6, and 7. In reference 1, the results of pipe tests
are gpplied to obtaln the characteristics of the compressible turbulent
boundary layer on a flat plate. The resulting eguation for locel skin-
friction coefficlent is

L -L
5 5

cp = 0.09440 (T—?U-) Re (7)

where Re is the Reynolds number, and @, T/T end @ are parameters
derived from reference 1. Values of & and T/TU are shown grsphically
in reference 1 for various values of M and n. A value of n=7

is assumed in this report, and the assumption of ® = 1 is reasonable
for the temperature range of the test tunnel.

In reference 2, the Prandtl incompressible-fluid wall formula is
modified by allowing the density to vary. The resulbing local skin-
friction law based on stream conditions 1s then given as

1
% sin-1
0.558(1-3%)% EE_h o
(8)
T I
0.558(1-3%)7% B} 4 20p%

cf=

2312



21ee

NACA RM E5ZDO3 9

vhere A\ 1is a functlon of Mach number, end Cp, the mean skin-friction
coefficient, will be discussed in the followlng sectlon.

The skin-friction coefficients from equations (7) and (8) are
plotted in figure § for Mach numbers 5 and 6, asnd show that relatively
glight changes of cp¢ with M should be expected when no pressure
gradient exists. As s lower limit for turbulent theories, von Karmén's
estimation Prom reference 7 is plotted in figure 9.

The curve for laminer skin-friction coefficient in flgure 9 was
calculated from equations of reference 6, from which, 1f the wall tem-
pergture is assumed constant, there is obtained

_ 0.6644[C
e ST ©

For the range of this experiment C, as calculated by the method of
reference 6, is very nesrly equal to 1.

The experimental values of cp for the plate with artificial tran-

sitlion and for the tunnel wall are genersglly larger than the values pre-
dicted by the anslyses of references 1 and 2, although those analyses
glve higher values than other compressible turbulent boundary-layer
analyses. The experimental points on the plate wlth natural transition
generally fall between curves of turbulent theory and laminar theory.

Although the experimental points of figure 9 show a large amount of
scgtter in general, inspection of that data in conjunction with fig-
ures 8(a) to 8(c) indicates that there is a tendency for the local
skin-friction coefflcient to increase in a negative axisl Mach number
gradient and to decrease in a positive axiael Mach number gradient.

The leading-edge correction is relstively small, and the correction
term in equation (4) for the effect of pressure gredient appears to be
inadequate to account for the relatively large changes obtained
experimentally.

Mean skin-friction coefficients. - Since mean or average skin-
friction coefficlents depend chiefly on local velocity profiles rather
than on slopes of curves through scattered points, they may be more
reliable, from the standpoint of experimental accuracy, than local
skin-frigtion coefficients. Values of Cp obtalned in thls investiga-
tion are plotted in figure 10. For each point there are plotted both
the equivalent flet-plate values 26 /x end the values including the
contributlion of the Mach number gradient, which were obtained from
equation (8).
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The theoretical curves of figure 10 are derived from references 1,
2, 6, and 7. In reference 1, the expression obbtained for the mean skin-
friction coefficient is

3-w
s - —-s—_' -
Cp = 0.1188 (TU> Re (10)

-

where the values of 8, T/TU, and o are found in the same manner as
for the local skin-friction coefflcilent.

In reference 2, an equation is derived for mean skin-friction coef-
ficient which 1s based on the power viscosity lsw u/ul = (t/tl)m. For
the skin-friction coefficient based on free-stream conditions,

I+

2 gin-1
o.ziz (1-)8)° st )

—= = Log (Re Cp) + 1129 100 (1-28) (11)

2

CFE

vhere A 1s, as for the local skin-friction coefficient, & function
of Mach number, Re 1s the Reynolds number based on length, and @ isg
the viscoslty power law parameter. TFor the conditions of this investi-
gation, @ 1is assumed equal to 1. The value of Cg as calculated from

equation (11) is used in the compubation of ¢ in equation (8).
£

To present a possible lower limit of turbulent mean skin-friction
coefficient, there is plotted in figure 10 a curve from reference 7, in
which an estimete 1s presented for extending en incompressible fluid
formula to the compressible case. This approximstion is

1 -

2

[

Finally, the theoretical laminar mean skin-friction coefficient from
reference 6 1s plotted 1n figure 10. The expression may be written

_ 1.328

(13)

. 2312
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Except for the Mach number gradient effects, the experimental val-
ues of turbulent mesn skin-~friction coefficient plotted in figure 10 for
the tunnel wall and for artificial transition show falr agreement with
the analyses of reference 1 or reference 2. The observed scatter ebout
the theoretical curves for the artificial trensition case appears to be
of the same magnitude as the varigbtion caused by the leading-edge
correction.

Tn addition, inspection of figures 10 and 8(b) indicates that the
observed divergence of experimental mean skin-friction coefficlent from
the theoretical as Reynolds number lncreases may be assoclated with the
general decrease in Mach number slong the plate.

The data from the plate with natural transition are in the turbulent
value region, but the slope of a line through that data is approximstely
equel to the slope of the theoretical laminer values, which is l/ 2.

Thus, no conclusions can be drawn from the dsta of the plate without

roughness.

It can be concluded from the turbulent boundary-layer results pre-
sented in figure 10 that for the boundary layers on the wall and on the
plate model with Initiasl roughness, the experimental mean skin-friction
coefficients at M= 5.5 agree quite well with the analybtical values
given in references 1 and 2, even though there was some alr condensation
present in the test section. -

SUMMARY OF RESULTS

Measurements in the boundsry layer on a tunnel wall and on a flat
plate with artificial transition st a Mach number of gbout 5.5 and
Reynolds numbers of from 1x108 o 1x107 yielded turbulent mesn skin-
friction coefficients which agreed quite well with those predicted by
the anglyses of Eckert and of Van Driest, even though evidence of ailr
condensation was found in the test section. The measured point-to-
point variatlion of skin-friction coefficlents appeared to be larger
than that indicated by the conventional pressure gradient correction
term in the momentum equsation.

Mach number profiles measured on & flat plate with ngtural tran-
sition were not in agreement with theoreticel laminar or turbulent
profiles. Friction coefficients obbtained from these experimental pro-
flles were intermedlate between theoreticel laminsr values and values of
the turbulent theorles of Eckert and of Ven Driest.

Lewis Flight Propulsion Laborstory
Nationgl Advisory Commlttee for Aeronautics
Cleveland, Ohio
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APPENDIX - SYMBOLS

The following symbols are used in this report:

factor of proportionslity in viscosity variation law, ﬁi =C EI
mean skin-friction coefficient

local skin-friction coefficient ' -
Mach number

exponent of velocity distribution power law

inlet total pressure

static pressure

local stream Reynolds number

total tempersture

stetic tempersture

ratio of temperature of mesn mess flow to temperature at pipe
center, reference 1 . . -

local velocity

distance from reference in direction of air .flow

normal distance from solid boundary

ratic of specific heats of air

boundaery-layer thickness

displacement thickness

ratio of momentum thickness to boundary-layer thickness, 6/8

momentum thickness

Mach number function = 57 reference 2
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11 dynamic viscosity of air
o) density

T shear stress st wall

4
o exponent of viscosity variation power law, -E = (%t_) s reference 1
By 1

Subscripts:
1 conditions at outer edge of boundary layer

R conditlons at reference station at entraence to test section
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Filgure 2. - View of tumel with model In test section.
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Figure 3. - Model with roughness.
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Local skin-friction coefficient, cp
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